The effectiveness of 16 fungal isolates in forming ectomycorrhizas and increasing the growth and phosphorus uptake of Eucalyptus globulus Labili. and E. diversicolor F. Muell. seedlings was examined in the glasshouse. Seedlings were grown in yellow sand at 2 phosphorus levels (4 and 12 mg P kg -~ sand). At the time of harvest (100 days), the non-inoculated seedlings and seedlings inoculated with PaxUlus muelleri (Berk.) Sacc. and Cortinarius globuliformis Bougher had a low level of contamination from an unknown mycorrhizal fungi. Seedlings inoculated with Thaxterogaster sp. nov. and Hysterangium inflatum Rodway had developed mycorrhizas of the superficial type whereas Hydnangiurn carneum Walk. in Dietr., Hymenogaster viscidus Massee & Rodway, Hymenogaster zeylanicus Petch, Setchelliogaster sp. nov., Laccaria laccata (Scop. ex. Fr.) Berk., Scleroderma verrucosum (Vaillant) Pers,, Amanita xanthocephala (Berk.) Reid & Hilton, Descolea maculata Bougher and Malajczuk and Pisolithus tinctorius (Pers.) Coker & Couch formed typical pyramidal ectomycorrhizas. The dry weight of non-inoculated and inoculated E. globulus seedlings at 12 mg P kg 1 sand did not differ, whereas several isolates caused growth depression of E. diversicolor. By contrast, at 4 mg P k g ~ sand growth increases ranged from 0-13 times above that of non-inoculated seedlings. P. tinctorius produced the largest growth increase on both eucalypt species. In general, isolates which developed more extensive mycorrhizas on roots produced the largest growth responses to inoculation. Isolates which increased plant growth also increased phosphorus uptake by the plant. Seedlings inoculated with L. laccata and S. verrucosum retained more phosphorus in their roots than plants inoculated with the other fungal isolates.
Introduction
Eucalypts have ectomycorrhizal fungi associated with their roots. These fungi can improve tree growth in nutrient deficient soils primarily by increasing the uptake of phosphorus (Bougher et al., 1990; Heinrich et al., 1988; Malajczuk et al., 1975) . In the low P soils characteristic of much of Australia (Wild, 1957) , ectomycorrhizal associations may be essential for the survival and growth of trees in their natural environment.
The numerous species of ectomycorrhizal fungi associated with eucalypts in their natural habitats cover a wide range of environments and host species. Large differences in the effectiveness of specific fungal isolates in stimulating seedling growth have been observed (Bougher et al., 1990; Heinrich and Patrick, 1986; Malajczuk et al., 1975) .
Fast growing eucalypt species, in particular karri (Eucalyptus diversicolor F. Muell.) and the Tasmanian blue-gum (E. globulus F. Muell), are being planted in the south of Western Australia; the potential to enhance their productivity by incorporation of superior isolates of ectomycorrhizal fungi in a nursery inoculation program is being examined.
Recent collections of ectomycorrhizal fungi from beneath native and planted stands of E.
globulus in Tasmania and native stands of E. diversicolor in Western Australia have provided cultures of a large number of isolates of different species from a range of fungal genera. This experiment aimed to compare effects on seedling growth and phosphorus uptake of sixteen fungal isolates inoculated onto seedlings of E. globulus and E. diversicolor grown in the glasshouse.
Materials and methods

Experimental design
In a fully randomised factorial design, two tree species (E. globulus and E. diversicolor) were inoculated with 16 fungal isolates at two levels of applied phosphorus with 4 replicates of each treatment combination. Details of the origin of the fungal isolates and coding are given in Table  1 . Isolates will be referred to by their codes in all Tables and Figures.
Soil preparation
A yellow sand (pH 5.5, Bray extractable P less than 2 mg P kg-2) collected from the Spearwood dune system north of Perth, Western Australia was steam sterilised at 70 °C for 1 hour and then air dried before sieving through a 2.5 mm mesh. Plastic pots (140 mm diameter) lined with plastic bags were filled with 2.5 kg of the sand and nutrient solutions applied to the surface at rates of 48 mg K, 35.5 mg S, 17.6 mg N, 9 mg Ca, 4 mg Mn, 3.2mg Mg, 2.3 mg Cu, 2mg Zn, 0.58 mg Fe, 0.25mg Mo, 0.12mg B, 0.08mg Co kg -1 sand. After air drying, these nutrients and the phosphorus treatments (4 and 12 mg P kg-I sand applied as aerophos Ca(HzPO4)2H2 O) were mixed throughout the sand. Pots were watered with 250 mL of deionised water, the surface of each covered with aluminium insulation foil (to prevent water loss and algal growth) and then left to equilibrate for 2-3 weeks before planting the seedlings.
Seed germination and fungal inoculation
Seeds of E. globulus and E. diversicolor were surface sterilised in a solution of H 2 O 2 and absolute alcohol (1 : 1 v/v) for 15 minutes, rinsed in distilled water and transferred aseptically to (Marx, 1969) . Non-inoculated seedlings did not receive inoculum but were otherwise treated the same as the inoculated seedlings. After 7-10 days in a growth cabinet (25°C, 16 hours of light), the seedlings were transplanted into pots in the glasshouse.
Planting and maintenance
Four seedlings were planted into each pot through holes in the aluminium foil. A small inoculum plug of approximately 0.2 g (a plug of agar only for non-inoculated seedlings) was also placed into the hole. Pots were covered with transparent plastic to maintain humidity until the seedlings were established. After 1 week the plastic was removed and the seedlings thinned to 3 per pot. Pots were randomised on benches and the benches rotated every 2-3 days. The pots were maintained with water to 10% w/w when required (every 3 days initially and daily after 8 weeks). Nitrogen, as NH4NO 3 was added to the surface of pots fortnightly (17.8 mg N kg-i sand) to give a final level of applied N of 89 mg N kgsand. Height measurements were recorded fortnightly, beginning 3 weeks after planting.
Harvesting
Seedlings were harvested 100 days after planting. Shoots were cut at soil level, dried in an oven at 70 °C and weighed. Roots were washed free from the soil and divided into coarse and fine root fractions (fine roots were less than 0.5 mm diameter). A sub-sample of fine roots was used for the determination of mycorrhizal root length by the method of Newman (1966) . Remaining root fractions were dried at 70°C and dry weights recorded. Dried plant fractions of E. globulus and E. diversicolor from 8 fungal treatments (CONT, PAX, THAX, AMAN, HYM3, SETCH, HYDN, LAC1, SCLER, and PISOL) and the non-inoculated controls (CONT), grown at 4 mg P kg-1 sand were ground and the phosphorus concentration determined by automated colorimetric methods (Technicon Industrial Systems, Tarrytown, NY) following Kjeldahl digestion.
Statistical analysis
Treatment effects were assessed by the analysis of variance of raw data and treatment means compared using Duncan's new multiple range test (Duncan, 1955) . Statistical analysis of percent mycorrhiza was performed on raw and transformed data. There was no difference in the significance level and therefore all data sets are untransformed. The LSD value is presented in the Figures.
Results
Mycorrhizal development
At time of harvest, non-inoculated seedlings had a low level (less than 2%) of mycorrhiza, indicating contamination by an unknown mycorrhizal The increase in the external supply of P from 4 to 12mg P k g i sand generally decreased the proportion of fine roots that were mycorrhizal. The only exception to this was P. tinctorius, which developed more extensive colonisation on E. diversicolor at 12mg P k g -1 sand. H. zeylanicus HYM3) and L. laccata (LAC2) pro-duced a greater percentage of ectomycorrhizal roots on E. globulus than on E. diversicolor, while colonisation by H. zeylanicus (HYM1) and P. tinctorius was greater on E. diversicolor.
The mycorrhizai root length of both eucalypts at 4 mg P kg-~ sand inoculated with by L. laccata (LAC2), S. verrucosum and P. tinctorius (and LAC1 on E. diversicolor), was more than twice that of other isolates (Fig. 1B) . The root length colonised by all mycorrhizal isolates increased between 4 and 12 mg P kg -1 sand, which implies that at least part of the decrease in the proportion of root length colonised by isolates with an increase in the supply of P was due to increased root growth.
Seedling growth
At 4 mg P kg-~ sand, seedlings colonised only by the contaminant mycorrhizal fungus displayed typical P deficiency symptoms (small purplish leaves) for both eucalypt species. From earlier data on plant growth in relation to P supply (Bougher et al., 1990) , 4rag Pkg -r would be expected to produce 10% maximum growth for non-inoculated plants while 12 mg P kg-t would be nearly adequate for maximum growth.
At 4 mg P kg ~ sand, seedlings of E. globulus inoculated with 8 fungal isolates (H. carneum, H. zeylanicus (HYM3) , Setchelliogaster sp nov., L. laccatta (LACI and LAC2), S. verrucosum, D. maculata and P. tinctorius) significantly increased plant dry weight from 2.5 to 9 times that of non-inoculated seedlings (Fig. 2Aa) . The same isolates produced increases in the biomass of E. diversicolor seedlings ranging from 4 to 13 times that of non-inoculated seedlings (Fig. 2Ab) . Although increases in biomass were generally less for E. globulus than E. diversicolor, absolute increases were generally greater for E. globulus as non-inoculated seedlings tended to be larger than non-inoculated E. diversicolor seedlings. L. laccata (LAC1 and LAC2) and P. tinctorius produced a relatively greater growth increase on E. diversicolor than on E. globulus, while for H. carneum this was reversed.
At 12mg Pkg 1 sand, dry weight on noninoculated and inoculated E. globulus seedlings did not differ (Fig. 2Ac) . By contrast P. muelleri, C. globuhforrnis, Thaxterogaster sp nov,. H. inflatum (HYST1), H. zeylanicus (HYM1), L. laccata (LAC1) inoculated onto E. diversicolor significantly decreased seedling dry weight at this higher level of applied P (Fig. 2Ad) .
Inoculation with ectomycorrhizal fungi did not significantly alter the partitioning of dry weight between roots and shoots at either P level for either eucalypt species. Root/shoot ratios were larger at 4 mg P kg i (E. globulus, 0.412 and E. diversicolor, 0.519) than 12rag P kg ~ (E. globulus, 0.203 and E. diversicolor, 0.473) and E. diversicolor had a larger root/shoot ratio than E. globulus. In contrast, partitioning between fine roots and coarse roots varied markedly (Fig. 2B 
diversicolor.
The relationship between the percent of root length colonised and total dry weight for all fungal isolates at 12 mg P kg ~ sand was poor, but at 4 mg P kg ~ sand (where P was limiting) the relationship was signific~int for both eucalypts (Fig. 3) being marginally better for E. diversicolor (Fig. 3B) than for E. globulus (Fig. 3A) . The relationships indicate that t'. tinctorius required a shorter root length to produce an equivalent dry weight than either S. verrucosum or L. laccata (LAC2).
Phosphorus uptake
At 4mg Pkg ~ sand, L. laccata (LAC2), S. verrucosum and P. tinctorius increased the concentration of P in whole plants of E. globulus, whereas for E. diversicolor, inoculation with Thaxterogaster sp. nov., H. zeylanicus (HYM3), Setchelliogaster sp. nov., L. laccata (LAC2), S. verrucosum and P. tinctorius increased the concentration of P over that of non-inoculated plants (Table 2) . For both eucalypts, the total uptake of P at 4 mg P kg t sand was increased by inoculatioll with all fungi examined except A. diversicolor -4 mg P kg ~ sand, c) E. globulus -12 mg P kg 1 sand, fl) E. diversicolor -12 mg P kg a sand. Bar indicates LSD value (p < 0.05) xanthocephala and Thaxterogaster sp. nov. on E. globulus. P uptake (expressed as total plant P per metre fine roots) was increased by inoculation of both eucalypt species except for S. verrucosum on E. globulus. Inoculation did not affect the partitioning of P between roots and shoots, except for L. laccata (LAC2) and S. verrucosum, which increased the proportion of P in the roots of E. globulus seedlings. By contrast, inoculation with ectomycorrhizal isolates altered the partitioning of phosphorus between fine roots and coarse roots. The proportion of total root phosphorus in the fine root component was increased by inocula- 
Discussion
Inoculating seedlings with eetomycorrhizal fungi generally increases the growth of plants under conditions of limiting soil phosphorus (Bougher et al, 1990; Daughteridge et al., 1986; Ford et al., 1985; Harley and Smith, 1983; Heinrich and Patrick, 1986; Heinrich et al., 1988; Mulligan and Patrick, 1985) . Our study has shown a large variation in the responses obtained with a range of ectomycorrhizal fungal species that are common associates of eucalypts. Fungal isolates which formed the pyramidal type of mycorrhizas increased the growth of E. globulus and E. diversicolor when P was deficient for plant growth. Growth responses of seedlings to inoculation with different fungal isolates ranged from 1.5 to 13 times that of non-inoculated seedlings. The largest increases in growth were obtained with P. tinctorius, while moderate responses were obtained with S. verrucosum, D. maculata and L. laccata (LAC2) and smaller responses with H. carneum, Hymenogaster spp., Setchelliogaster sp, nov. and L. laccata (LAC1). H. inflatum and Thaxterogaster sp. nov. formed superficial mycorrhizas of the type described by Malajczuk et al. (1987) and although they developed extensive extramatrical hyphae, this did not result in increased plant growth under the conditions of the experiment.
The dry weight of plants was positively correlated with mycorrhizal root length when P was deficient. Some of the variability in the relationships may be due to variation in morphology of ectomycorrhiza and functional differences between isolates. For example, isolates forming superficial mycorrhizas did not stimulate growth, whereas P. tinctorius, which gave the largest growth response, had a lower proportion of mycorrhizas than S. verrucosum, which only produced 75% of the maximum growth response.
Inoculation did not affect partitioning of plant dry weight between roots and shoots, as has been observed in other studies (Abbott and Robson, 1984; Bougher et al., 1990; Harley and Smith, 1983; Rousseau and Reid, 1990) . However, the effect of inoculation of eucalypts at 4mg P kg ~ sand on the fine/coarse root ratio varied across the range of growth responses, with some isolates (e.g.L. laccata) with high colonisation and corresponding high growth responses having a high fine/coarse root ratio. In other plant-fungus combinations, giving large responses (e.g. with P. tinctorius), the ratios were lower. These differences probably result from contrasts in the morphology of the association. Some fungi form abundant, thick ectomycor- rhizas and for these the fungal biomass may contribute significantly to the fine root biomass. Other fungi form smaller ectomycorrhizas and produce more prolific extramatrical mycelium. At the lower level of applied P, inoculated seedlings of both eucalypts generally had a greater amount and a higher concentration of P and greater P uptake per unit length of fine root than the non-inoculated plants. Some fungi increased the relative amount of phosphorus in the fine roots compared with the coarse roots. This is generally attributed to storage of P in mycorrhizas as polyphosphate (Lapeyrie et al., 1984; Mulligan and Patrick, 1985; Martin et al., 1985) . However, only L. laccata (LAC2) and S. verrucosum on E. globulus increased the relative amount of phosphorus in roots compared with shoots.
For most ectomycorrhizal isolates, increased growth of eucalypt seedlings was associated with improved P uptake. However, storage of P in fine roots and translocation to the rest of the plant differed between isolates. P. tinctorius produced the largest increase in seedling growth but contained relatively less P in fine roots than L. laccata (LAC2) and S. verrucosum. Setchelliogaster sp. nov., H. zeylanicus (HYM3) and H. carneum gave moderate growth responses without an apparent retention of P in the roots.
When P was applied at a rate which was nearly adequate for maximum growth (i.e. 12mg P kg -1 sand), a number of fungal isolates decreased the growth of E. diversicolor seedlings. This effect has been observed previously where the external phosphorus supply has been adequate for maximum plant growth but not high enough to prevent colonisation (Bethlenfalvay et al., 1983; Bougher et al., 1990; Thomson et al., 1986) . The effect can usually be attributed to the fungus acting as a net carbohydrate drain (Bougher et al., 1990) . In our study, the growth depression did not significantly alter the root/ shoot ratio, but rather was reflected over the whole plant. Growth depression was not observed for E. globulus seedlings grown at 12 mg P kg -1 sand suggesting physiological differences between the two eucalypts in nutrient uptake. Some of the Western Australian isolates had been collected beneath E. marginata and perhaps were more suited to this eucalypt. However there appeared to be no host specificity especially since the isolate P. tinctorius, which gave the highest growth stimulation, was collected beneath E. marginata in a native stand in Western Australia. These results are therefore consistent with observations of Chilvers (1973) indicating little evidence of host specificity at the eucalypt sub-genus level.
This experiment clearly demonstrates the range of differences that can be obtained in the ability of ectomycorrhizal fungi to colonise roots and increase the growth and P uptake of eucalypt seedlings in a simple sand system under controlled growing conditions. The poor performance of some of the isolates may be due to inability to grow in different soil types, In future experiments the effectiveness of these isolates in increasing the growth of eucalypt seedlings will be examined in natural soils and in the field.
